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INTRODUCTION: Elastic and collagen fiber deposition increases throughout normal lung development, and this fiber network 
significantly changes when development of the lung is disturbed. In preterm rats and lambs, prolonged hyperoxic exposure is as-
sociated with impaired alveolization and causes significant changes in the deposition and structure of elastic fibers. 
OBJECTIVES: To evaluate the effects of hyperoxic exposure on elastic and collagen fiber deposition in the lung interstitial matrix 
and in alveolarization in preterm rabbits.
METHODS: After c-section, 28-day preterm New-Zealand-White rabbits were randomized into 2 study groups, according to the 
oxygen exposure, namely: Room air (oxygen = 21%) or Oxygen (oxygen ≥ 95%). The animals were killed on day 11 and their 
lungs were analyzed for the alveolar size (Lm), the internal surface area (ISA), the alveoli number, and the density and distribution 
of collagen and elastic fibers.
RESULTS: An increase in the Lm and a decrease in the alveoli number were observed among rabbits that were exposed to hyperoxia 
with no differences regarding the ISA. No difference in the density of elastic fibers was observed after oxygen exposure, however 
there were fewer collagen fibers and an evident disorganization of fiber deposition. 
DISCUSSION: This model reproduces anatomo-pathological injuries representing the arrest of normal alveolar development and 
lung architecture disorganization by just a prolonged exposition to oxygen. 
CONCLUSIONS: In the preterm rabbit, prolonged oxygen exposure impaired alveolization and also lowered the proportion of 
collagen fibers, with an evident fiber network disorganization. 
KEYWORDS: Oxygen; Animal model; Lung fibers; Bronchopulmonary dysplasia; Lung injury.
INTRODUCTION
The histological findings of bronchopulmonary dysplasia 
(BPD) have been described as simplification, and a widening 
and reduction of the alveoli number, a decrease of the 
alveolar surface area, the presence of capillary dimorphism, 
an increase in alveolar septal thickness,1 and a modification 
in the density and disposition of the elastic and collagen 
fibers.2,3 
Alveoli formation is a continuous process which starts 
approximately during the 32nd-to-36th week of gestation 
and continues until late postnatal life, with progressive 
transformation of the saccules to alveoli.4 The deposition 
of elastic fibers at the tips of secondary alveolar crests 
and alveolar mouths suggest that elastin is involved in the 
formation of new alveoli.4 Alterations in the deposition 
of elastic fibers may be one of the factors that leads to 
hypoalveolarization.5
The etiology of BPD is multi-factorial; clinical and 
experimental studies6,7 suggest that oxygen-related toxicity 
is one of the most important factors involved. Prolonged 
hyperoxic exposure is associated with reduction of the 
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internal alveolar surface area, impaired alveolarization,8-11 
and abnormalities in collagen and elastic fiber deposition.12 
These abnormalities in the development of fibers have not 
been studied in the preterm rabbit.
Bruce at al.4 demonstrated that hyperoxic exposure in 
the developing rat lung alters the total length and structure 
of elastic fibers. Parenchymal collagen increases throughout 
lung development and the presence of a delicate and 
complex collagen network permits normal septation. In 
chronic lung disease, development of the lung is disturbed, 
with thickened collagen around the saccule walls, a 
widened interstitium, and an increase in quantity and size 
of interstitial collagen fibers.13 Although the preterm rabbit 
model is used for studies in lung development,14,15 the impact 
of hyperoxic exposure in the preterm rabbit lung has not 
been evaluated.
A small number of animal models for lung immaturity 
have been developed using rats, lambs, and baboons. 
The primate models have been applied for experimental 
research;10 however, there is a need for a complete neonatal 
intensive care unit with nursing, laboratory and monitoring 
care, and this is extremely expensive for developing 
countries.
In 1997, Chen et al.,16 developed an animal model using 
premature rats that were subjected to hyperoxia; this is 
advantageous because of the ease of manipulation and low 
cost. However, due to the low birth weight of the animals, 
this model has restrictions in the study of lung mechanics 
and the alveolar and total lung surfactant pool in premature 
newborns. Therefore, an animal model of lung immaturity 
using premature rabbits was developed, which are low cost, 
easy to handle, and show the arrest of alveolar development 
and the disorganization of lung architecture. 
The objective of the present study was to evaluate the 
morphological changes in the deposition of elastic and 
collagen fibers in the lung interstitium, induced by hyperoxic 
exposure in the preterm rabbit.
MATERIALS AND METHODS
Animal preparation. The study protocol was approved 
by the Ethics Committees for the Analysis of Research 
Projects (CAPPesq), at the Hospital das Clínicas, São 
Paulo University Medical School. New Zealand-White 
rabbits were delivered by cesarean section at the 28th day of 
gestation, and following an adaptation period, the surviving 
animals were randomized into 2 study groups, as follows: 
continuous exposition to oxygen ≥ 95% (Oxygen) or room 
air (Air). The animals were kept in incubators at 32oC, 
and received prophylactic antibiotic therapy from the third 
day of life15 (penicillin crystalline - 20.000 UI/kg - IM and 
streptomycin 20 mg/kg/day - IM) and vitamin K (2 mg/kg/
day). Feeding was carried out with a milk formula that had a 
similar composition to natural rabbit milk 17. The volume of 
the formula for the first day of life was 100 ml/kg, 150 ml/
kg for the second and 200 ml/kg from the third to eleventh 
days. Animals were fed twice a day with a no 4 orogastric 
tube. Heated and humidified oxygen was supplied through a 
sealed acrylic chamber, and the concentration was checked 
by an environment oxygen analyzer (Dixtal®, São Paulo, 
Brazil). On 11th day after birth, the animals were deeply 
sedated with sodium pentobarbital (25 mg/kg, IP) and were 
then killed by sectioning the abdominal aorta.
Preparation and sampling for morphometric and 
image analysis. The lungs were pressurized with air at 
30 cm H2O, followed by tracheal ligature. After the lungs 
were removed from the thorax, they were fixed with a 10% 
buffered formol solution for 24 hours, followed by weight 
determination (TR 403, Denver Instrument Company®, 
United States), and measurement of the total lung volume 
(TLV) by a water displacement technique adapted from 
Bruce et al.4,18 The lung weight /body weight (g/100g) (LW/
BW) and the lung weight / lung volume (g/ml) (LW/LV) 
ratios were calculated.
Slide preparation involved 1 mm thickness sagittal cuts 
of the distal portion of the right inferior lobe.19 The tissue 
was preserved in 70% ethylic alcohol, embedded in paraffin, 
and serial slices of 5 mm thickness were obtained. The slides 
were stained with hematoxylin and eosin for morphometric 
analysis, with Weigert, modified resorcin-orcein for elastic 
fiber analysis, and with Picrosirius for collagen analysis.
A Nikon E600 microscope, coupled to a linear pointing 
count grid (50 lines/100 points) of known area, and an image 
analysis program (Image-ProÒ, Media Cybernetics INC®, 
EUA), were used for the morphometric analysis. A minimum 
of 10 microscope fields was examined for each animal. All 
of the morphometric and image analysis measurements were 
performed by the same investigator in a blinded fashion.
Morphometry. The lung developmental process was 
analyzed by calculating the mean linear intercept (Lm),20 the 
internal surface area (ISA)21 and the alveoli number.
The calculation of the Lm used a grid with 100 points 
and 50 lines, and the intercept was defined as the crossing of 
the grid line with the alveolar wall. The Lm was calculated 
by applying the following formula: Lm = the total length of 
the 50 lines / the number of alveoli intercepts.20
The ISA represents the gas exchange surface, and in turn 
was calculated according to the following formula21: ISA = 
4V/Lm that means: V = the fixed lung volume at 30 cm H2O 
transtracheal pressure multiplied by the parenchyma fraction. 
The parenchymal fraction was calculated with the 100-points 
and 50-lines grid, where the points that fell over the lung 
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tissue were counted, with the exception of points that fell 
over the blood vessels and bronchi with diameters larger than 
2 mm. The number of counting points was divided by 100. 
The total alveoli number was calculated using the 
modified Dunnil method20. Lung cuts stained with 
hematoxylin-eosin were photographed at a magnification 
of X100 with an image analyzer (Image-ProÒ, Media 
Cybernetics INC®, EUA). Three lines were traced at 
different levels from pleura to pleura, and the intercepting 
number of alveoli walls that crossed each line was counted, 
added and then divided by two. The length of the lines was 
measured and added, and the number of alveoli was divided 
by this value. The results were expressed by length units 
(number of alveoli / mm x 10-3).
Collagen and elastin content. The terminal airways 
were also evaluated for the density of the elastic and 
collagen fibers. The proportion of fibers in the lung 
parenchyma was determined using the linear point counting 
grid (magnification X400) in 20 fields per animal. The ratio 
between the number of points based on the colored fibers 
and the lung parenchyma was determined.
Statistical analysis. 
An analysis of variance was used to compare the body 
weight, lung weight, lung weight/ body weight and lung 
weight / lung volume (g/ml) ratios, the alveoli number, the 
Lm and the ISA. The proportion of collagen and elastic 
fibers was compared by the Chi-Square test. A p < 0.05 value 
was considered to be statistically significant.
RESULTS
Animals distribution in the study groups
In the group exposed to oxygen, 17 animals were 
sacrificed with 11 days (O2 Group 11 days), and among 
the animals exposed to environment air, 19 animals were 
sacrificed with 11 days (Air Group 11 days). One animal 
was excluded from the O2 Group due to the considered 
inadequacy of the material processing technique. Therefore, 
18 in the Air Group 11 days and 17 in the O2 Group 11 days 
were used for the final analysis. 
Survival 
We observed a higher survival of the animals when 
exposed to the environment air (30.8%), compared to the 
animals exposed to oxygen (10.8%). The deaths occurred 
because of infections (skin, systemic), gastrointestinal 
perforation, or milk aspiration at the feeding occasion.
Lung weight and volumes. Overall, neither the lung 
weight nor the lung volume were significantly altered after 
11 days of oxygen exposure, although a slight increase 
was observed in the LW/BW ratio, which was related to a 
10% increase in the lung weight among animals from the 
Oxygen group. Despite this slight increase in lung weight, 
the lung volume was reduced by 27%, resulting in a 21% 
increase in the LW/LV ratio, secondary to oxygen exposure 
(Table 1).
The Lm, ISA and alveoli number. The Lm increased 
approximately 40% among the oxygen exposed animals (p 
< 0.05, Table 2). 
In contrast, although a slight reduction was observed in 
the Oxygen group regarding the internal surface area after 
hyperoxic exposure, this difference was not significant 
(Table 2). In line with the Lm, the alveoli number was 
reduced by 26% among the oxygen exposed animals (p 
< 0.05 Table 2). Hypoalveolarization could be clearly 
visualized in the animals exposed to oxygen for 11 days, 
when compared to the Air group (Figure 1).
The collagen and elastin content. The collagen fiber 
density among the animals from the Oxygen group was 
2-fold lower when compared to the animals from the Air 
group (Table 3). 
A disordered deposition of collagen fibers in the lung 
interstitium was observed (Figure 2). A decrease in the 
density of elastic fibers was seen in the group exposed 
to oxygen, although this was not significant (Table 3). In 
addition, an abnormal deposition of elastin fibers and a 
Table 1 - Lung weight and volumes
Air (n=18) Oxygen (n=17) p
Birth weight (g) 33.1±5.0 33.2±4.7 0.95
Body weight at 11 d (g) 40.7±8,0 41.5±8.4 0.78
Lung weight (g) 0.83±0.24 0.92±0.14 0.19
Lung weight /Body weight 
(g/100g)
2.07±0.53 2.26±0.34 0.22
Lung volume (ml) 2.63±1.83 1.93±0.80 0.16
Lung weight / Lung volume 
(g/ml)
0.46±0.37 0.56±0.25 0.36
Table 2 - Mean linear intercept (Lm), internal surface area 
(ISA) and alveoli number
Air Oxygen p
Lm (mm) 60.5±18.2 85.3±27.3 < 0.05
ISA (cm2) 3.3±1.4 3.1±1.4 0.68
Alveoli number 11.5±2.3 8.5±2.8 < 0.05
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structural disorganization in the lung parenchyma was also 
observed in the oxygen exposed animals (Figure 3).
Description of the histology. In the animals exposed 
to hyperoxia, a reduction in the alveoli number associated 
with a higher alveoli size, and an increase in the distance 
between the alveoli, due to septal thickening associated with 
an intense interstitial fibroproliferation, was observed, as 
well as a disorganization of the deposition of the elastic and 
collagen fibers (Figures 1, 2 and 3).
DISCUSSION
This study investigated, for the first time, the effects 
of hyperoxia on lung morphometry and the collagen and 
elastin content in the preterm rabbit model. In rabbits, the 
gestational period is 31 days, with 28 days of gestation 
representing the limit of viability,22,23 which corresponds 
to 87% of the gestation term, and to the saccular phase of 
lung development. When the alveolarization process starts it 
would correspond with a premature newborn in the saccular 
phase of normal lung development.14 The association of lung 
immaturity with hyperoxia was chosen to trigger lung injury, 
due to the increasing role of free radical participation in the 
etiopathogeny of the disease.
The pattern of lung injury associated with oxygen 
exposure is well described in the adult lung, but the effects 
of oxygen during the phase of growth and development of 
the lung remain unclear. Nowadays, lung injury is associated 
to a prolonged exposure to oxygen in an immature lung, and 
is characterized by a disorganized hypoalveolarization of 
the lung architecture, an absence of significant alterations 
of the conducting airways, and variable degrees of 
fibroproliferation1. In our study, using the preterm rabbit, 
the histopathological analysis demonstrated an arrest of lung 
development and a disorganization of the lung architecture, 
associated to the prolonged exposure to hyperoxia. 
The total lung volume is composed of a sum of 
the volumes of the airway spaces, alveoli, capillaries, 
parenchyma, interstitium, endothelial and epithelial cells24. 
After birth, there is a continuous increase in lung volume, 
which continues throughout aging.25 With lung development, 
there is a redistribution among the compartments which 
compose the total volume, and this occurs mainly due to 
an increase in the airway spaces and the capillaries. This 
parallels a decrease in the septal thickness content, thus 
enabling gas exchange. 
In our study, a trend towards an increase in the LW/
LV ratio was observed, due to the relative substitution of 
the airway spaces for abnormal lung parenchyma, and also 
due to an accumulation of a large amount of cells in the 
interstitium. The increase in the LW/LV ratio, reflecting lung 
density, was derived mainly from a 27% reduction of the LV 
after exposure to oxygen. 
Table 3 - Collagen and elastin content
Air Oxygen p
Elastic fibers/
points
0.51±0.19 0.40±0.2 0.16
Collagen fibers/
points
0.40±0.18 0.18±0.08 p < 0.001
Figure 1 - Panel A:Hematoxilin-eosin stained section (magnification X20). 
Normal development of the preterm rabbit lung with alveoli of normal size 
and number. Panel B: After 11 days of hyperoxic challenge there is an evident 
reduction in alveolar number, with evident accumulation of inflammatory 
cells in the intersticium.
Figure 2 - Panel A: Picrosirius stained section (magnification X20). Col-
lagen fiber deposition in lung parenchyma at the 11th day of life (arrow) at 
room air. Panel B: After 11 days of hyperoxic challenge there is an evident 
disordered deposition of the collagen fibers in the lung intersticium (arrow).
Figure 3 - Panel A: Weigert stained section (magnification X20). Elastin 
fiber deposition in lung parenchyma at the Air group. There is an organiza-
tion of elastin fiber in the secondary alveolar septa (arrow). Panel B: After 
hyperoxic stimuli there is an evident disorganization and abnormal deposition 
of elastin fibers in the lung intersticium (arrow).
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During normal lung development, alveolarization 
results in a decrease in the mean linear intercept and 
an increase in the internal surface area. In this study, 
hyperoxia impaired this process, as demonstrated by 
an increase of the Lm values after oxygen exposure. 
This observation suggests an increase in alveolar size, 
secondary to the alveolar septation arrest, and in addition 
to the increase in distance among the alveoli due to 
septal thickening, as a result of the intense interstitial 
fibroproliferation. These findings are similar to the BPD 
models in premature rats based on hyperoxia, in which 
there is widening of distal airway spaces, a reduction in the 
lung volume, and an evolution to fibrosis.16
These results associated with the reduction in the number 
of alveoli observed after oxygen exposure, demonstrate that 
the lung injury secondary to a hyperoxic environment in the 
premature rabbit produces morphologic alterations similar 
to BPD in humans.
Differences between the proportions of collagen and 
elastic fibers and the lung parenchyma were not observed, 
but the deposition pattern was altered both in appearance 
and location. This analysis may have been influenced by 
the hypercellularity of the lung interstitium of the animals 
exposed to oxygen, therefore these data may have been 
underestimated. During the normal developmental process, 
an increase of collagen deposition in the lung parenchyma 
is observed. Before 30 weeks of gestation, the collagen 
interstitial net is fragile, and may also be involved in a prior 
alveolar septation process.13 In lung injury models, the 
collagen content is altered by its concentration, appearance 
or deposition. Thibeault et al.13 observed an increase in 
collagen deposition and an arrest in alveolar septation, in 
relation to controls, among 33 children between 23 and 30 
weeks of gestation who were at risk for evolving to BPD, 
and who died between 5 and 94 days of life. 
Regarding the elastic fibers, the oxygen exposed 
animals had a severe disorganization of elastic deposition, 
with shorter lengths and a tortuous aspect, similar to that 
found in the premature lamb model11 and in rats exposed 
to hyperoxia.4 In children at risk for developing BPD, an 
increase in the lung elastic fiber deposition was proportional 
to the severity of lung injury after a mixed insult of oxygen 
and mechanical ventilation.3 Albertine et al. (1999) found 
an increase in the elastic fiber content after a period of 3 to 
4 weeks of mechanical ventilation in the premature lamb.2 
On the other hand, using only hyperoxia in a rat model, 
a structural disorder with a reduction in the length of the 
elastic fibers, without differences in concentration, was 
observed.4 We did not find an increase in the proportion 
of elastic fibers in relation to the lung parenchyma in the 
animals exposed to high concentrations of oxygen, but their 
deposition was clearly altered. There are studies that suggest 
that hyperoxia might be associated with the inhibition of 
lung elastic content4 and the increasing use of mechanical 
ventilation.11
These reports suggest that more studies are needed in 
order to better clarify the role of collagen and elastin fibers 
in lung development that are altered by different mechanisms 
of lung injury. 
Until now, only a small number of animal models of lung 
immaturity had been developed with the lamb, baboon and 
the Rhesus monkey. From these, the primate models have 
been applied, almost with exclusivity, for BPD experimental 
research;10 however, these models need an infrastructure of 
a complete NICU with nursing, laboratory and monitoring 
care, and this becomes extremely expensive, even for 
developed countries. A BPD model using premature rats 
has been recently proposed, and has the advantages of ease 
of manipulation and low cost.16 However, this model also 
presents restrictions in relation to the lung mechanical study, 
the alveolar and total lung surfactant pool in premature 
newborns, due to the low birth weight of the animals. We 
chose the model of the premature rabbit in this study due to 
its feasibility of studying lung immaturity. The rabbit has a 
gestational time that is controlled by programmed couplings, 
a large number offspring (7 to 11 puppies per female), 
and a large size of newborns when compared to rats. This 
results in a lower cost of studies of lung mechanics and the 
surfactant system when compared to bigger species. Here 
we decided to develop a model for the BPD study using 
premature rabbits, because of the low cost characteristics, 
ease in handling, relationship to the immature lung study and 
similarity with the alterations that were detected in human 
disease.
Since BPD has a multifactorial pathophysiology, the 
choice of the animal species and the type of insult causing 
lung injury becomes essential. In this study, the association 
between lung immaturity and hyperoxia was chosen 
as an trigger factor of lung injury due to the increased 
valorization of the free radicals, which participate in the 
etiopathogeny of the disease, particularly in the extremely 
preterm newborn human. The use of developing lungs is 
relevant because they present a less effective antioxidant 
system, with altered inflammatory responses, and specific 
characteristics of the lung injury exist, secondary to 
volutrauma and barotrauma22. Ours results reinforce 
that the preterm rabbit exposed to prolonged hyperoxia 
can be used as a model to study anatomo-pathological 
injuries similar to the BPD, with resulting arrest in growth 
and normal lung development, allowing studies of lung 
mechanics and an evaluation of the surfactant system at 
low costs compared to bigger animals. The proposed model 
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may be used for the pathophysiology study, treatment and 
prevention of the injury associated to the exposition to 
oxygen in the developing lung. 
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